Laboratory rats (Rattus norvegicus) have played an important role in biomedical research for over 100 years with more than 200 strains bred as physiological models of human disease (Lindsey 1979; Steen et al. 1999 ; Kwitek-Black and Jacob 2001). Unlike mouse inbred strains, little is known about relationships among rat strains (Festing 1979 ). The Allele Characterization Project (ACP; lgr.mcw-edu/ research/lgr_acp.html) was initiated to guide the identification of individual strains, ensure purity of strains used for specific research purposes, and provide a means of mapping genes based on linkage (Jacob et al. 1995; Brown et al. 1998 ; Steen et al. 1999 ). The ACP genotyped 48 commonly used rat inbred strains by using over 4800 microsatellite markers with known genomic locations. The microsatellite markers are spread relatively evenly across the rat genome and have been integrated into the rat radiation hybrid (RH) map (Steen et al. 1999) .
Using the ACP microsatellite data and a limited number of isozymes, Canzian (1997) conducted a genealogic study of inbred rat strains to better understand relationships among strains and to provide a basis for the selection of rat strains for biomedical research. Similar research of mouse inbred strains has been significant for studies of evolution and disease (Fitch and Atchley 1985; Beck et al. 2000) . The Canzian (1997) study used a simple distance model (Fitch and Margoliash 1967) with percentages of genotype differences. The results of this study have been cited by other authors to justify the use of particular rat strains for the study of a disease (Rapp 2000) and to support the phylogenetic hypothesis that a given strain of interest is ancestral to other strains (D'Cruz et al. 2000; Lorincz et al. 2001 ).
Evolutionary models of microsatellite change have been shown to more accurately reconstruct divergence patterns involving this type of marker, and there is a rich tradition in the evolutionary biology literature of these models. These models have been used to measure population subdivision (Slatkin 1995), investigate human evolution (Goldstein et al. 1995b ; Perez-Lezaun et al. 1997), map diseaserelated traits (Fishman et al. 2001) , and understand mutations (Colson and Goldstein 1999) . Models incorporating specific hypotheses about mutational mechanisms of microsatellite markers can clearly be superior to simple percentage difference models that pose no hypotheses about how markers mutate. Estimates of mutation rates for microsatellite markers are approximately 10 )3 changes per locus per generation (Goldstein et al. 1995a ).
There are two commonly used models of microsatellite evolution: (1) The D A distance is based on the proportion of loci that share an identical allele size between strains, assuming the infinite alleles model (IAM) of microsatellite evolution (Takezaki and Nei 1996) . This distance assumes that any microsatellite repeat pattern can be replaced by any other pattern (repeats can grow or shrink in any manner with equal probability). (2) The (dl) 2 distance incorporates the difference in repeat length between strains, under the stepwise mutation model (SMM) of microsatellite evolution (Takezaki and Nei 1996) . This model assumes that microsatellites are more likely to increase or decrease in length by the addition or subtraction of single repeat units. The actual pattern of microsatellite change probably falls somewhere between these two models. The applicability of these methods for the analysis of microsatellite data has been well documented (Goldstein et al. 1995a; Destro-Bisol et al. 2000) . Typically, the D A distance is considered more likely to recover the correct topology, especially with small (n < 100) numbers of markers (Takezaki and Nei 1996) , while the (dl)
2 is considered to model a more uniform mutation rate (Goldstein et al. 1995a (Goldstein et al. , 1996 ; Takezaki and Nei 1996), allowing one to calibrate a mo-lecular clock. For this analysis, rat strains and substrains are essentially treated as independent populations with fixed alleles (and only one sample taken for each population). Under these conditions, the D A distance approximates a simple p-distance, reflecting the proportion of differences among strain pairs.
Our goal was to infer the phylogeny of 48 inbred rat strains by using the (dl) 2 and D A models with a large, robust data set (strain information can be found in Steen et al. 1999 and at brc.mcw.edu/BRC/publications/supplemental-data/Thomas-RatInbred/). We compared our reconstructions (using both evolutionary models of microsatellite change) with previous research and reports on the relationships among rat inbred strains. Our results were evaluated by using known relationships among several strains. Finally, we explored the implications of our results for biomedical research involving rat genes and traits.
Phylogenetic relationships among rat strains were well resolved ( Fig. 1) , with most being consistent with their known history. Bootstrap values were robust (greater than 70%) for all branches except for very short, deep branches. The two evolutionary methods yielded remarkably consistent results, differing only in the placement of two strains: SD/Rij and OM/Han. These strains are arguably not misplaced, since the difference between the two trees is exceedingly small and without robust bootstrap support; essentially, the branches holding these strains collapse into a trichotomy. Considering the size of our data set, the congruence between the evolutionary distance methods was not surprising.
Trees were rooted with the BN strain; this strain is typically assumed to represent the root of the rat strain phylogenetic tree as most closely related to wild rats, although with little evidentiary support (Festing 1979; Canzian 1997) . Without genotyped rats from ancestral groups (such as wild R. norvegicus or a closely related species), which were unavailable for this study, hypotheses regarding the root of the rat strain tree cannot be fully tested, making accurate calibration of a molecular clock problematic (since a reliable time of divergence since the split of the ancestral rat strain and an outgroup is unknown). Other researchers found little genetic difference between wild and laboratory rats (Cramer et al. 1978) , making the rooting of the tree complicated. Therefore, we deferred to earlier conclusions (Festing 1979; Canzian 1997 ) about the root of the tree and declined to calibrate a molecular clock until such time as a well-supported outgroup is available. Early researchers, using relatively few biochemical marker loci, found that rats strains sorted into three groups (Festing and Bender 1984), possibly suggesting three independent domestication events, but these results were not supported by subsequent research and known relationships.
Our results differ significantly from the topology generated previously (Canzian 1997 ) in which pairwise percentage differences (Fitch and Margoliash 1967) were used as the distance matrix. Although 63 sub-strains were used for Canzian's tree, only 32 distinct strains were examined (we used 48 substrains from 46 distinct strains). The Canzian (1997) tree does not reflect some known relationships among strains. For example, closely related strains such as BDIX & BDVII are widely separated from each other and from related strains BP and BC; our results are more consistent with published reports of strain breeding (Festing 1979; Lindsey 1979 ) for these and other strains. There are areas of congruence between the trees. For example, both our tree and Canzian's (1997) tree recovers a set of strains bred in Japan (including WKY, SHR, OKA, and SHRSP), and both trees place this group in a relatively ancestral position near the BN root. When we analyzed these data (Canzian 1997 ) with evolutionary models of microsatellite mutation (using the D A distance), the reconstructed phylogeny (not shown) is nearly identical to our trees (Fig. 1) , with no discrepancies relative to known relationships.
For researchers using relationships among strains to select appropriate subjects for biomedical studies, accurate information is critical, especially when distantly related strains are required to make meaningful comparisons (Beck et al. 2000) . Our results suggest that an evolutionary reconstruction of microsatellite change is important for drawing appropriate conclusions about these relationships, and that selection of models can influence results. Such a recognition is becoming increasingly important for biomedical research (Stearns and Ebert 2001) . One of the strengths of the rat for physiological research is the diversity of strains; understanding, preserving and extending this diversity depends upon an accurate understanding of the relationships among strains. This becomes especially important as researchers struggle to transfer knowledge of rat disease to the human genome, since this transfer depends on accurate comparative mapping based on comparisons between rat strains (Jacob and Kwitek 2002). When strains are chosen for gene discovery or other research for which the selection of inbred strains is a critical component of the experimental design using control or comparison strains, a complete understanding of relationships among rat inbred strains is generally implied (Rapp 2000; Lorincz et al. 2001 ).
Our study makes two important contributions. First, we provide a more accurate and robust phylogenetic analysis of inbred rat strains using an evolu-tionary model of microsatellite change. This is critical, since an understanding of relationships among the inbred rat strains will strongly influence the selection of strains for specific biomedical studies (Canzian 1997) , as has been the case with mouse, for which this information is well characterized (Moriwaki et al. 1994; Beck et al. 2000) . Second, we provide a model for the analysis of complicated evolutionary hypotheses that are difficult to study in nature. The collection of rat inbred strains allows the exploration of otherwise intractable problems with a mammalian model. These include reticulation and mutation rate heterogeneity. The results of our analysis provide a foundation from which these processes can be studied using a well-characterized animal group.
We are currently extending these results by measuring mutation rates in different parts of the rat genome and among strains in order to draw conclusions about the evolution and selection in these strains (C.-F. Chen et al., in prep). A tool we have (Goldstein et al. 1995a) , and performed data bootstrapping. For each of the two distance calculation methods, we used a distance matrix to construct an NJ tree, implemented by MEGA2.1 (Kumar et al. 2001 ). The NJ trees for bootstrap pseudo-replicates were generated by programs in the Phylip package (Felsenstein 1993) . The percentage of the Phylip trees in agreement with our MEGA tree [based on the (dl)
2 distance] were then placed on the corresponding branches of the MEGA NJ tree. Since the (dl) 2 distance is reliable for estimating branch lengths, the distance between two strains can be calculated by measuring the lengths of the horizontal branches from one terminal taxon (e.g., SHRSP/Riv) and another taxon (e.g., MNR/N) by using the rule provided. In the case of SHRSP/Riv and MNR/N, that distance would be measured to the point where the BN strains join the dendrogram (30 for MNR/N and 35 for SHRSP/Riv) for a total distance of 65.
developed from these results, the Genome Scanner (rgd.mcw.edu/GENOMESCANNER/), is designed to assist researchers in selecting polymorphic markers for a genome scan of a cross between two strains (S.N. Twigger et al. 2001 ). The Genome Scanner uses the ACP dataset in combination with various genetic and RH maps. Future tools will estimate mutation rates among rat strains, examine the effect of reticulate evolution on these estimates (Xu 2000) , and investigate the information content of the markers on the basis of marker characteristics (size, nucleotide make-up, etc) and chromosomal (map) location.
